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The canonical, -catenin-dependent Wnt pathway is a crucial player in the early events of Xenopus development. Dorsal
axis formation and mesoderm patterning are accepted effects of this pathway, but the regulation of expression of genes
involved in mesoderm specification is not. This conclusion is based largely on the inability of the Wnt pathway to induce
mesoderm in animal cap explants. Using injections of inhibitors of canonical Wnt signaling, we demonstrate that expression
of the general mesodermal marker Brachyury (Xbra) requires a zygotic, ligand-dependent Wnt activity throughout the
marginal zone. Analysis of the Xbra promoter reveals that putative TCF-binding sites mediate Wnt activation, the first sites
in this well-studied promoter to which an activation role can be ascribed. However, established mesoderm inducers like
eFGF and activin can bypass the Wnt requirement for Xbra expression. Another mesoderm promoting factor, VegT,
activates Xbra in a Wnt-dependent manner. We also show that the activin/nodal signaling is necessary for ectopic Xbra
induction by the Wnt pathway, but not by VegT. Our data significantly change the understanding of Brachyury regulation
in Xenopus, implying the existence of an unknown zygotic Wnt ligand in Spemann’s organizer. Since Brachyury is
considered to have a major role in mesoderm formation, it is possible that Wnts might play a role in mesoderm specification,
in addition to patterning. © 2002 Elsevier Science (USA)
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The role of the Wnt pathway in axis formation was
originally suggested from studies on Xenopus embryos
(Smith and Harland, 1991), and is now well established
from Cnidaria (Hobmayer et al., 2000) to Chordata. Ac-
cording to the prevalent model for early development in
Xenopus, Wnt signaling establishes dorsoventral polarity,
but is not required for germ layer specification (reviewed in
Gerhart, 1999; Harland and Gerhart, 1997). In animal cap
explant experiments, injected Wnt RNA failed to specify
mesoderm in this tissue otherwise fated to become ecto-
derm. When animal caps were also treated with mesoderm
inducers, like activin and FGF, the addition of a Wnt ligand
enhanced their ability to produce dorsal mesoderm (Chris-
tian et al., 1992; Sokol and Melton, 1992). Similarly, oligo-
nucleotide depletion of maternal -catenin mRNA (Heas-
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negative mutant of the DNA-binding component of the
maternal Wnt pathway, Xtcf-3 (Molenaar et al., 1996),
suggested that Wnt activity is not necessary for mesoderm
specification. Also, two zebrafish mutations affecting Wnt
signaling in the early embryo showed only anteroposterior
patterning deficiencies (Kelly et al., 2000; Kim et al., 2000).
Other observations, however, point to a role of the Wnt
pathway and its components in the specification of mesen-
doderm. -Catenin knocked-out mice fail to gastrulate and
do not express specific primitive streak markers (Haegel et
al., 1995; Huelsken et al., 2000; Liu et al., 1999). In sea
urchins, blocking the Wnt pathway turns mesendoderm
into ectoderm, while overactivation removes all ectoderm
(reviewed in Angerer and Angerer 2000). In Xenopus, there
have been reports that Xwnt8, Dsh, and the Drosophila Wnt
homologue Wg can induce ventral mesoderm in animal
caps (Chakrabarti et al., 1992; Christian and Moon, 1993;
Domingos et al., 2001; Itoh et al., 1998; Sokol, 1993), and
the sensitivity of animal caps to mesoderm inducers like
FGF and activin was increased in the presence of Wnts
(Sokol and Melton, 1992). However, in these latter experi-3047. E-mail: b-gumbiner@ski.mskcc.org.
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ments, special conditions had to be used, such as late
expression of Wnt8 (Christian and Moon, 1993) or late
dissection of the animal caps (Sokol, 1993). Mesoderm was
detected either histologically at a late stage, or by RT-PCR,
making the exact spatial relation between injected cells and
induced mesoderm difficult to establish. It was also pos-
sible that small amounts of mesoderm-fated marginal zone
might have been included in the cap explants. The preva-
lent view continues therefore to be that the Wnt pathway
has no role in either mesoderm specification or the regula-
tion of expression of mesodermal genes (Harland and Ger-
hart, 1997).
The Brachyury gene was the first cloned member of a
large group of transcription factors, the T-box family (re-
viewed in Smith 1999), ubiquitous in Animalia. Xbra, the
Xenopus homologue, is the most commonly used marker
for early mesoderm specification. Its expression starts in
the dorsal marginal zone of late blastula embryos, and later
spreads ventrally until it covers the entire marginal zone,
the future mesoderm, at the start of gastrulation (Smith et
al., 1991). Tissue involuted during gastrulation maintains
expression only in the notochord. Xbra can produce meso-
derm in animal caps (Cunliffe and Smith, 1992) and is
activated by mesoderm inducers, such as activin and FGFs
(Latinkic et al., 1997). Interference with its function leads
to impaired posterior and axial development (Conlon et al.,
1996) and inhibition of convergence-extension movements
in mesoderm-fated tissue during gastrulation (Conlon and
Smith, 1999).
In the mouse, a clear connection between Wnts and
Brachyury expression has been described. A part of the
Brachyury expression domain in the primitive streak de-
pends on Wnt3a (Yamaguchi et al., 1999) and the down-
stream effectors Lef1 and Tcf1 (Galceran et al., 2001).
TCF-binding sites have been found in the Brachyury pro-
moter, and their mutation led to loss of Brachyury expres-
sion and Wnt responsiveness (Arnold et al., 2000; Yamagu-
chi et al., 1999). Similar sites have been reported in the
cloned Xenopus Xbra promoter (Lerchner et al., 2000), but
no function has been assigned to them.
Using activators and inhibitors of the Wnt pathway, we
find that the Xbra gene is a direct target of a zygotic Wnt
pathway at the late blastula stage. Our findings emphasize
the conservation of Brachyury regulation among verte-
brates and suggest a role for Wnts in regulation of expres-
sion of mesodermal genes.
MATERIALS AND METHODS
Embryo Manipulations
Xenopus laevis embryos obtained by in vitro fertilization were
cultured in 0.1 MMR and staged according to Nieuwkoop and
Faber (1967). RNA injections were performed at the 1-cell stage
with a 20-nl volume, at 2- to 4-cell stage with a 10-nl volume, and
at 32-cell stage with a 5-nl volume. Animal caps were dissected at
stage 8 and cultured to stage 10 for RT-PCR analysis or stage 18 for
cap elongation assays, with or without addition of activin protein
(Brieher and Gumbiner, 1994).
In Vitro Transcription and Reporter Genes
The RNA expression vectors and reporter genes were: pCS2DN
Xtcf-3, encoding amino acids 88–553 of Xtcf-3, and pCS2 VP16
Xtcf-3, encoding the fusion of amino acids 411–490 of the VP16
protein (Sadowski et al., 1988) to the N terminus of DN Xtcf-3
(Vonica et al., 2000); pSP36T -catenin, pSP36T C-cadherin, and
pCS2MT Siamois have been described (Fagotto et al., 1997);
pSP6nucGal (from R. Harland, U. Berkeley) was linearized with
ClaI for the antisense transcript; N Xtcf-3 and the Tcf reporter
genes pTOP FLASH and pFOP FLASH (from H. Clevers, U. Uthre-
cht); pCS2 Xombi (VegT) (Lustig et al., 1996b) (from A. Salic,
Harvard Med. Sch.); XeFGF I 64T (Isaacs et al., 1992); 64T-tXALK4
(Chang et al., 1997) (from Ali Hemmati-Brivanlou, Rockefeller U.);
pCS2DN Xwnt8 was constructed by PCR from pGEM5R-Xwnt-8
according to the sequence in Hoppler et al, (1996); the Xbra
promoter–luciferase reporter gene containing bp –802 to 144 of
the Xbra gene (a gift of P. Wilson); the mutant Xbra promoter was
generated by introducing point mutations in the TCF-binding sites
(Quickchange Mutagenesis Kit; Stratagene Inc., La Jolla, CA) with
the following antisense oligonucleotides (mutated base in bold):
Site 1 (224) 5-CCC CAA AAT GTT TAC ACC TAT ATC ACA
GAG CTG CAA TGA GG-3, and Site 2 (101) 5-GGT CAG TTT
TCT CTC TGA TGT TGG TGA GGC AAC TGA. Luciferase
assays were performed with the Luciferase Assay (Promega Corp.,
Madison, WI) as described (Vonica et al., 2000).
RT-PCR Analysis
RNA was extracted from animal caps or whole embryos by using
the Ultraspec reagent (Biotecx Laboratories, Inc., Houston, TX).
RT-PCR detection of specific RNAs was as described (Fagotto et al.,
1997). Primers for siamois, Xnr3, and EF1 alpha have been de-
scribed (Fagotto et al., 1997); for Xbra sense, 5-GTG TAG TCT
GTA GCA GCA-3, and antisense, 5-GGA TCG TTA TCA CCT
CTG-3; for Xwnt8 sense, 5-TCT CCC GAT ATC TCA GCA-3,
FIG. 1. Wild-type and mutant Xtcf-3 constructs. Amino acids
1–49 are the -catenin interaction domain, and amino acids 324–
397 contain the HMG box, the DNA binding domain. N Xtcf-3,
the first dominant negative mutant TCF described, has a partial
deletion of the -catenin binding domain, while the mutant used in
this study, DN Xtcf-3, has a complete deletion. VP16 Xtcf-3 is a
fusion of the VP16 activation domain to DN Xtcf-3.
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and antisense, 5-AGA TGA CGG CAT TCC AGA-3; for Sox17
sense, 5-GTC ATG GTA GGA GAG AAC-3, and antisense,
5-CGC AAA CAA GCT CAC CTG GC-3; for Mix-1 sense,
5-CCT GCC CCT AAT AGT TCC TC-3, and antisense, 5-CGC
AAA CAA GCT CAC CTG GC-3; for ODC sense, 5-CAA CGT
GTG ATG GGC TGG AT-3, and antisense, 5-CAT AAT AAA
GGG TTG GTC TCT GA-3.
In Situ Hybridization
Whole-mount in situ hybridization essentially followed the
protocol of Sive (Sive et al., 1994), with the following modifications
(Henrique et al., 1995): RNAse treatment and posthybridization
washes with SSC were omitted, and the SSC concentration in the
hybridization buffer was 1.3. For double in situ hybridization,
FIG. 2. Blocking the Wnt pathway prevents expression of Xbra in late blastula. (A–E) DN Xtcf-3 RNA injected at the one-cell stage
prevents expression of Xbra. (A–D) In situ hybridization for Xbra (A, B), and Xwnt8 (C, D) in stage 9.5 embryos. Vegetal views. Xbra
expression in the marginal zone (A) is inhibited by DN Xtcf-3 (4 ng RNA) (B). Wild-type Xwnt8 expression in the ventrolateral marginal zone
(C, arrowheads indicate the dorsal gap) is expanded to a full ring, indicating the ventralization of the embryos (D). (E) RT-PCR of stage 10
embryos. Xbra and the dorsal markers siamois and Xnr3 were all inhibited by DN Xtcf-3. (F–S) Xbra expression is repressed by Wnt pathway
inhibitors and rescued by -catenin. Double in situ hybridization of stage 10 embryos injected at the four-cell stage with 2 ng LacZ RNA
(F, J, O) alone, LacZ and 100pg DN Xtcf-3 RNA (G, K, P), 500 pg N Xtcf-3 RNA (H, L, Q), 2 ng C-cadherin RNA (I, M, R), and 2 ng
C-cadherin coinjected with 1 ng -catenin RNA (N, S), on the ventral (F–I) and dorsal (J–S) sides. The indicated markers are stained purple;
LacZ RNA, marking the injection site, is red. Expression of the organizer marker chordin was a control for effective inhibition of the
maternal dorsal Wnt pathway (O–R), and rescue by -catenin (S).
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markers were hybridized with digoxigenin-labeled probes and
stained with BM Purple (Roche Diagnostic Corp., Indianapolis, IN),
while LacZ RNA was hybridized with a FITC-labeled probe and
stained with Fast Red (Roche Diagnostic Corp., Indianapolis, IN).
The probes used were: Xbra from A. Salic (Harvard Med. Sch.),
Xwnt8 from R. Harland (U. C. Berkeley), and chordin from E. M. De
Robertis (U. C. Los Angeles).
RESULTS
Inhibition of the Wnt Pathway Blocks Brachyury
Expression in the Marginal Zone
The mouse Brachyury (T) gene is under the direct control
of a Wnt pathway (Arnold et al., 2000; Yamaguchi et al.,
1999), but in Xenopus, an inhibitor of the Wnt pathway had
no effect on Xbra expression (Zorn et al., 1999b). We
reexamined the relation between Wnt signaling and Xbra
expression in Xenopus blastulas. DN Xtcf-3 RNA (4 ng)
(Vonica et al., 2000) was injected into one-cell-stage em-
bryos (see Fig. 2). This construct has a complete deletion of
the -catenin binding domain (Behrens et al., 1996; Mo-
lenaar et al., 1996) (Fig. 1). Tcfs interact with -catenin to
form a bipartite transcription activator (van de Wetering et
al., 1997), and the dominant negative mutant is thought to
compete with endogenous Tcf molecules for binding to
TCF sites in Wnt-responsive promoters. One-cell injections
allow for distribution of RNA throughout the embryo,
which should block Wnt signaling in all the cells of the
organism. DN Xtcf-3 inhibited Xbra expression (Fig. 2B,
compared with control in Fig. 2A, vegetal views), but not
the expression of the ventrolateral marker Xwnt8 (Chris-
tian et al., 1991) (Figs. 2C and 2D). Expansion of Xwnt8 in
the dorsal marginal zone of DN Xtcf-3-injected embryos
was observed, indicating inhibition of the dorsal maternal
Wnt pathway with subsequent ventralization of the em-
bryos. Xwnt8 expression in DN Xtcf-3-injected embryos,
together with the expansion of Xbra expression observed
when an activated Xtcf-3 (VP16 Xtcf-3, Vonica et al., 2000)
is injected into one-cell embryos (see Figs. 5B and 5C)
demonstrates the specificity of the DN Xtcf-3 effect. Anal-
ysis by RT-PCR (Fig. 2E) confirmed the decrease of Xbra
expression in response to DN Xtcf-3, as well as the expected
FIG. 3. Dorsal and ventral expression of Xbra requires a Wnt activity distinct from the maternal Wnt pathway. Embryos were injected at
the four-cell stage with 2 ng LacZ RNA for injection site localization, and 50 pg LacZ DNA as control (A, D, H), 50 pg DN Xtcf-3 DNA
(B, E, I), 2 ng DNXwnt8 RNA (C, F, J), or 100 pg DN Xtcf-3 RNA with 10 pg siamois RNA (G, K). Embryos were injected either ventrally
(A–C) or dorsally (D–K). Double in situ hybridization was performed at stage 10, for LacZ RNA (red) and the indicated marker (purple).
Inhibition of Xbra by DNA-expressed DN Xtcf-3 (B, E) indicates that a post-MBT Wnt activity is required. No effect was seen on the
maternal Wnt pathway, as chordin expression remained unchanged (I). DNXwnt8 also interfered selectively with Xbra expression (C, F),
but not with the ligand-independent maternal Wnt, on which chordin depends (J). (G, K) siamois, a dorsalizing gene, which is a direct target
of the maternal Wnt pathway, rescues expression of the organizer marker chordin inhibited by DN Xtcf-3 (K), but not the dorsal expression
of Xbra (G).
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repression of known target genes of the dorsal maternal
Wnt pathway, siamois (Brannon and Kimelman, 1996; Car-
nac et al., 1996) and Xnr3 (McKendry et al., 1997).
A number of transcription factors have a DNA-binding
domain (HMG box) similar to Xtcf-3. It is possible that
overexpression of DN Xtcf-3 could interfere with other
pathways, as suggested by the ability of the TCF family
factor Lef1 to bind the DNA-binding site of Sox 17 (Zorn et
al., 1999a). We therefore compared the effect of DN Xtcf-3
with another Wnt inhibitor (Figs. 2F–2S), C-cadherin, which
inhibits the Wnt pathway by trapping -catenin (Fagotto et
al., 1996; Heasman et al., 1994). Both DN Xtcf-3 (0.1 ng
RNA) and C-cadherin (1 ng RNA) suppressed ventral (Figs.
2G and 2I) and dorsal (Figs. 2K and 2M) expression of Xbra
in stage 10 embryos. LacZ RNA was coinjected to label the
injection site in double in situ hybridization (red). Addition
of 1 ng of -catenin mRNA to C-cadherin RNA rescued
Xbra expression (Fig. 2N). Expression of chordin, an orga-
nizer marker (Sasai et al., 1994), is similarly prevented by
inhibition of the dorsal maternal Wnt pathway (Figs. 2O–
2R) and rescued by -catenin (Fig. 2S).
We also tested a slightly different dominant negative
Xtcf-3 mutant, N Xtcf-3 (Molenaar et al., 1996) (Fig. 1).
Even at the higher concentrations of RNA used (0.5 vs 0.1
ng RNA for DN Xtcf-3), N Xtcf-3 was a less efficient
inhibitor than DN Xtcf-3 (Figs. 2H and 2L), especially on
the dorsal side (compare Fig. 2K with 2L). The lower
inhibitory potency of N Xtcf-3 might be explained by the
partial deletion of the -catenin binding domain, as com-
pared with the complete deletion in DN Xtcf-3 (Fig. 1). Our
result with N Xtcf-3 differs from previously published
data (Zorn et al., 1999b), which indicated no interference
with Xbra expression. However, the injection site was not
labeled in the latter case, and it is possible that the injected
RNA would have missed the marginal zone where Xbra is
expressed.
The Wnt Activity Required for Early Brachyury
Expression Is Zygotic and Ligand-Dependent
Multiple Wnt pathways have been described in blastula-
stage embryos. The maternal pathway, required for the
formation of the Spemann organizer, is most likely ligand-
independent, activated intracellularly (Hoppler et al., 1996;
Sokol, 1996), and uses the canonical -catenin/TCF bipar-
tite activator (Behrens et al., 1996; Funayama et al., 1995;
Molenaar et al., 1996). Ventrolateral zygotic Xwnt8 is also
-catenin-dependent (Darken and Wilson, 2001; Hamilton
et al., 2001). Xwnt11 (Ku and Melton, 1993) is expressed in
the marginal zone and induced by Xbra, yet signals through
a -catenin-independent pathway, and does not activate
Xbra (Tada and Smith, 2000).
The previous experiments suggested that at least ventral
Xbra expression requires a zygotic Wnt activity, since no
maternal Wnt is known to be active there. To differentiate
directly between a maternal and a zygotic Wnt pathway
involved in Xbra activation, we expressed DN Xtcf-3 from
injected DNA, which is not transcribed until the midblas-
tula transition (MBT), when zygotic genes are activated
(Newport and Kirschner, 1982) (Fig. 3). A plasmid express-
ing LacZ was the control for DNA injection, and the site
was labeled with LacZ RNA stained red in double in situ
hybridization. Plasmid-expressed DN Xtcf-3 inhibited Xbra
expression in the ventral and dorsal side of the marginal
zone (Figs. 3B and 3E). Expression of the organizer marker
chordin was not suppressed (Fig. 2I), which is consistent
with a narrow time interval around the MBT when the
maternal dorsal Wnt pathway can be interfered with (Chris-
tian and Moon, 1993; Darken and Wilson, 2001). Thus, late
expression of DN Xtcf-3 interfered with a zygotic Wnt
pathway and Xbra expression on both dorsal and ventral
sides of the embryo.
The effect of DNA-expressed DN Xtcf-3 on the dorsal
expression of Xbra was weaker than that of RNA injections
(compare Fig. 2K with Fig. 3E). A possible explanation is the
lower amount of RNA expressed from the plasmid, starting
only at stage 8, compared with directly injected RNA. An
alternative possibility would be a contribution from the
maternal Wnt pathway to dorsal Xbra expression. Siamois
is a direct target of the maternal Wnt pathway (Brannon et
al., 1997; Carnac et al., 1996; Fan et al., 1998), and can
reproduce the effect of ectopic Wnt activation by inducing
organizer markers, including chordin (Carnac et al., 1996).
When coinjected with DN-Xtcf-3 RNA (100 pg), siamois did
restore chordin (Fig. 3K, compare with Fig. 2P for DN Xtcf-3
alone), but not Xbra expression (Fig. 3G), further emphasiz-
ing the difference between the organizer-inducing function
of the maternal Wnt pathway and the zygotic Wnt activity,
which controls Xbra expression. For the maternal Wnt
pathway to directly contribute to dorsal expression of Xbra,
it would have to do so in a siamois-independent way.
We then tested the requirement for an extracellular Wnt
ligand by injecting 2 ng RNA of a secreted dominant
inhibitor, DNXwnt8 (Hoppler et al., 1996). A moderate but
clear inhibition of Xbra expression was seen on either the
dorsal or the ventral side of the embryo (Figs. 3C and 3F).
On the other hand, expression of chordin was not affected,
demonstrating that there was no interference with the
maternal dorsal Wnt pathway (Fig. 3J). While this result
suggests the presence of a Wnt ligand, its actual identity
cannot be defined because of the partial specificity of
DNXwnt8 (Hoppler et al., 1996). A potential candidate for
the zygotic Wnt in the ventrolateral marginal zone would
be Xwnt8 (Christian et al., 1991). No Wnt is known to be
expressed in the dorsal marginal zone of Xenopus embryos.
Xwnt8b is zygotically expressed shortly after stage 8, but no
information is available on its localization along the dorso-
ventral axis (Cui et al., 1995).
The Effect of the Wnt Pathway on Xbra Expression
Is Cell-Autonomous and Perhaps Direct
According to the established three-signal model, meso-
derm is induced in the marginal zone of the embryo by a
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nonautonomous signal from the vegetal cells (reviewed in
Harland and Gerhart, 1997; Heasman, 1997). This signal
would be zygotic (Wylie et al., 1996), and nodal factors have
been proposed as candidate inducers (Agius et al., 2000).
Around stage 10, Xbra is expressed mainly by cells origi-
nating in tier C blastomeres (nomenclature of Nakamura
and Kishiyama, 1971) (Latinkic et al., 1997). Nodal genes
are targets of the Wnt pathway (Clements et al., 1999; Hyde
and Old, 2000; Kofron et al., 1999; Takahashi et al., 2000)
and it is possible that a Wnt activity in the vegetal part of
the embryo would turn on genes such as nodals, which
would then induce Xbra in overlying marginal cells. To
address whether a vegetal Wnt activity is responsible for
marginal Xbra expression, we blocked the Wnt pathway
with injections of DN Xtcf-3 in the Xbra-positive marginal
C tier of a 32-cell-stage embryo (Fig. 4A), or in the under-
lying vegetal D tier (Fig. 4B). Inhibition of Xbra expression
was only observed when DN Xtcf-3 RNA was present in the
territory of normal Xbra expression, and the inhibited area
closely follows the borders of the injected area (Fig. 4A).
Therefore, Wnt activity is required in the very cells which
express Xbra.
Even if the Wnt pathway is autonomously required for
Xbra expression, an intracellular cascade of transcription
factors, as has been reported for gsc (Laurent et al., 1997), or
an autocrine mechanism could indirectly activate the gene.
Nonetheless, putative consensus TCF-binding sites have
been observed in both the mouse and Xenopus Brachyury
promoters (Arnold et al., 2000; Lerchner et al., 2000;
Yamaguchi et al., 1999), suggesting direct activation of the
gene. To determine whether these sites are important for
Xbra expression, we introduced point mutations in each of
the two TCF sites of a 802-bp fragment of the wild-type
Xbra promoter (Fig. 4C) (Latinkic et al., 1997), and com-
pared it with the wild type promoter in transcription assays.
In addition, to determine whether the Xbra promoter is
activated by an endogenous Wnt pathway, we coinjected
the wild-type promoter with inhibitors of the Wnt pathway
(DN Xtcf-3, DNXwnt8, C-cadherin) (Fig. 4D). Mutagenesis
of both the TCF sites and the Wnt inhibitors significantly
reduced the activity of the reporter gene on the dorsal and
ventral sides of the embryo, with a stronger inhibition seen
on the dorsal side. The effect of the point mutations in the
putative consensus TCF sites cannot rule out interference
with another, unknown DNA-binding protein, nor does it
demonstrate that an endogenous Tcf molecule actually
binds to these sites. Nonetheless, this result is consistent
with direct activation of the Xbra promoter by a Tcf-
mediated Wnt activity. The reduction in the dorsal-to-
ventral ratio (Fig. 4E) indicates that activation of a Wnt
pathway is the cause of the fivefold higher dorsal activity of
the wild-type reporter. Knowing that dorsal Xbra expres-
sion precedes the ventral, the most likely explanation for
the higher dorsal activity of the Xbra reporter gene (Lerch-
ner et al., 2000) would be the early onset of Xbra transcrip-
tion on the dorsal side. The Wnt inhibitors injected dorsally
interfered with both the maternal Wnt pathway, which
generates the dorsoventral asymmetry of the embryo, and
the zygotic Wnt, which directly activates Xbra expression
(see Discussion, and see Fig. 8). The dorsoventral ratio
remains higher with DNXwnt8 injections (threefold) (Fig.
4E), due to a more efficient ventral inhibition (Fig. 4D). It
appears, therefore, that while Xbra is a direct target for
zygotic Wnt activity, the dorsal maternal Wnt pathway
would be the indirect cause of the higher dorsal activity of
the Xbra promoter.
Neither mutagenesis nor Wnt inhibitors completely re-
moved the activity of the promoter, suggesting cooperation
with other factors/pathways in Xbra expression. In addi-
tion, Wnt inhibition might indirectly inhibit Xbra by pre-
venting expression of zygotic nodal factors, which would, in
this case, be the true activators. To clarify the relation
between nodal/activin-type signals and the TCF sites in the
Xbra promoter, we coinjected the wild type and mutant
reporter genes with the type I dominant negative receptor
tXALK4, a selective inhibitor of the activin and nodal
pathways with proved effect on Xbra expression (Chang et
al., 1997; Reissmann et al., 2001) (Fig. 4F). Both reporters
were inhibited by tXALK4 dorsally as well as ventrally, but
while the wild-type reporter was partially inhibited (2.4
and 1.8 in the dorsal and ventral marginal zones, respec-
tively), the mutant was totally repressed, suggesting that
promoter activity in the absence of TCF sites, which
mediate Wnt activity, was due to activin/nodal factors.
This effect cannot be explained solely by the low initial
activity of the mutant reporter, since it was comparable to
the transcription levels of the wild-type reporter gene in
ventral injections. Interestingly, tXALK4 inhibition, in con-
trast to Wnt inhibition, was relatively similar on the dorsal
and ventral sides, suggesting that the dorso/ventral differ-
ence seen with the cloned promoter (Fig. 4D) was not due to
higher levels of nodal factors on the dorsal side. Thus, both
Wnts and nodals contribute to the regulation of the Xbra
promoter, but the higher dorsal activity is due mostly to the
Wnt-responsive sites.
Together, transcription assays and localized injections at
the 32-cell-stage indicate that a Wnt activity is required in
the Xbra-expressing cells, where it activates the promoter,
perhaps in a direct manner, and in cooperation with nodal/
activin pathway.
The Endogenous, but Not the Cloned Xbra
Promoter Requires a Nodal Activity for Ectopic
Activation by the Wnt Pathway
We next investigated whether activation of the Wnt
pathway was sufficient for ectopic Xbra expression. One-
cell-stage injection of 2 ng RNA encoding VP16 Xtcf-3 (Fig.
1) (Vonica et al., 2000), a fusion of the strong VP16 activa-
tion domain to DN Xtcf-3, expanded the marginal expres-
sion, and areas of the animal pole became positive for Xbra
(Figs. 5B and 5C). The effect was specific for Xbra, because
expression of another marginal marker, Xwnt8, was elimi-
nated due to generalized activation of the maternal Wnt
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FIG. 4. Xbra is a direct target of the Wnt pathway, which cooperates with the activin/nodal signals for full activation. (A, B) Double in situ
hybridization of stage 9.5 embryos injected on the dorsal side, at the 32-cell stage, with 1 ng LacZ RNA (red), and 100 pg DN Xtcf-3 RNA.
Xbra is stained purple. Injections in tiers C (A) or D (B) demonstrate that Xbra expression requires Wnt activity only in the marginal zone.
(C) The two TCF sites present in the cloned 802-bp promoter (Latinkic et al., 1997) and the mutations introduced (boxed). (D) Luciferase
transcription assays of stage 10.5 embryos, injected at the four-cell stage on the dorsal or ventral side with 25 pg wild-type or mutant Xbra
reporter gene. Numbers above the columns indicate fold decrease vs wild-type Xbra promoter activity. All the Wnt inhibitors tested, DN
Xtcf-3 (300pg RNA), DNXwnt8 (2 ng RNA), and C-cadherin (1 ng RNA), had an inhibitory effect on transcription. All activities were above
background (0 on y-axis). (E) Ratios of dorsal vs ventral transcription activities. Inhibition by coinjected RNAs (DN Xtcf-3, C-cadherin,
DNXwnt8), or TCF sites mutation, decrease the dorsoventral difference because of higher impact on the dorsal activity of the reporter gene.
(F) The activin/nodal pathway accounts for the residual activity of the mutant reporter gene. Reporter plasmids (25 pg DNA) were injected
in the dorsal or ventral marginal zone, alone or in combination with 2 ng tXALK4 RNA. The numbers above the columns indicate the fold
decrease in activity produced by tXALK4. The wild-type reporter was partially inhibited, while the mutant was completely repressed.
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FIG. 5. Ectopic activation of the Wnt pathway induces Xbra expression. (A–D) In situ hybridization of stage 9.5 embryos injected at the one-cell
stage with 2 ng VP16 Xtcf-3. Xbra expression is broadened in the marginal zone (B), and is induced in the animal pole (C), while Xwnt8 expression
is inhibited (D), indicating the dorsalization of the embryo due to activation of the maternal pathway. Compare with the opposite aspect in DN
Xtcf-3-injected embryos (Figs. 2B and 2D). (E–H) Double in situ hybridization of stage 10 embryos injected in the animal pole at the four-cell stage
with 2 ng LacZ RNA alone (E, G) or together with 100 pg VP16 Xtcf-3 (F, H). LacZ is stained red and the indicated markers are purple. Animal
injection of VP16 Xtcf-3 induces both chordin (H) and Xbra (F). (I) The TCF sites in the Xbra promoter are required for induction by the Wnt
pathway activators. wt or mutant Xbra reporter genes (25 pg) were injected alone, with 100 pg VP16 Xtcf-3 RNA, or with 10 pg Xwnt8 RNA, in
the animal poles of four-cell-stage embryos, and collected for transcription assays at stage 10. The columns represent fold induction vs reporter
alone. (J, K) The cloned promoter, but not the endogenous Xbra gene, is activated by VP16 Xtcf-3 in the absence of activin/nodal signals. (J)
RT-PCR of animal caps injected with 100 pg VP16 Xtcf-3 RNA alone or with 100 pg VP16 Xtcf-3 RNA together with 2 ng tXALK4 RNA. ODC
expression is used as a loading control. Animal caps from four-cell-stage-injected embryos were dissected at stage 10. (K) Transcription assays of
25pg wild-type Xbra reporter gene injected in the animal pole with 3 or 10pg VP16 Xtcf-3 RNA, in the presence or absence of 2 ng tXALK4 RNA.
Embryos were collected at stage 10.5. The y-axis and the numbers above the columns show fold induction over promoter alone. Activation by
the low dose of VP16 Xtcf-3 is partially inhibited by tXALK4, but activation by the high dose is not.
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pathway (Christian et al., 1991; Kessler, 1997) (Fig. 5D).
Ectopic Xbra expression was also observed when 100 pg
VP16 Xtcf-3 RNA were injected into the animal pole of
four-cell-stage embryos (Fig. 5F). Ectopic Xbra (purple) was
restricted to the injected cells (red) (Fig. 5F). Animal pole
expression of chordin (Fig. 5H) was used as a positive
control for Wnt-dependent organizer marker activation.
Additional support for the autonomous and direct depen-
dence of Xbra on Wnt signaling comes from the response of
the wild-type Xbra promoter to 100 pg VP16 Xtcf-3 RNA
and 10 pg Xwnt8 RNA in the animal pole (Fig. 5I). The TCF
site-mutated promoter showed a significantly reduced in-
duction, which proves that activation was not the second-
ary effect of activating another pathway. To further inves-
tigate this issue, we also tested the effect of blocking nodal
signaling on VP16 Xtcf-3 ectopic activation of Xbra (Figs. 5J
and 5K). Addition of 2 ng tXALK4 RNA prevented activa-
tion of endogenous Xbra by 100 pg VP16 Xtcf-3 in animal
caps (Fig. 5J), raising the possibility that a Wnt-induced
nodal factor might be the direct activator. Alternatively,
endogenous Xbra expression might be the direct target of,
and require, both Wnt and nodal activation. To differentiate
between these two possibilities, we performed transcription
assays with the cloned Xbra promoter (Fig. 5K). tXALK4
RNA (2 ng) had a moderate effect on induction by 3 pg VP16
Xtcf-3 RNA (3.5 decrease) and no effect on 10 pg VP16
Xtcf-3 RNA. Together with the partial dependence of the
cloned Xbra promoter on nodal signaling (Fig. 4F), this
resistance of VP16 Xtcf-3 induction to addition of tXALK4
supports a direct activation of Xbra by the Wnt pathway, in
addition to an indirect effect through nodal induction. The
most likely explanation for the difference in the activin/
nodal pathway requirement between the endogenous and
the cloned Xbra promoter would be the presence of addi-
tional inhibitory sites in the endogenous gene, subject to
nodal derepression. In the absence of these sites, the cloned
promoter shows an increased response to the Wnt pathway.
This hypothesis is also supported by the different amounts
of VP16 Xtcf-3 RNA required to activate the endogenous
gene (100 pg; Fig. 5F) and the cloned promoter (3 pg; Fig. 5K).
Taken together, the above experiments demonstrate that
ectopic activation of the Wnt pathway is sufficient to
induce endogenous Xbra expression in the intact embryo
through the TCF sites in the Xbra promoter only in the
presence of a functional nodal pathway, but even in its
absence when activation of the cloned Xbra promoter
fragment is considered.
Induction of Xbra by the Activin and FGF
Pathways Does Not Require Wnt Activity
Xbra has been reported to be an immediate early target of
the activin and FGF signaling pathways in animal caps
(Smith et al., 1991), and suboptimal doses of activin can
induce mesoderm in the presence of coinjected Xwnt8
(Sokol and Melton, 1992). Since nuclear -catenin, which
indicates Wnt pathway activation (Funayama et al., 1995),
has been seen in animal poles of stage 10 embryos (Larabell
et al., 1997; A.V., unpublished results), it is possible that
activin and FGF might require the cooperation of a Wnt to
induce Xbra in caps. To address this issue, we injected 100
pg DN Xtcf-3 RNA in the animal poles of all the cells of a
four-cell embryo, cut animal caps at stage 8, and incubated
them to stage 10 in medium with or without activin protein
(Fig. 6A) (Brieher and Gumbiner, 1994). RT-PCR analysis of
three mesodermal markers (Xbra, eFGF, and Xwnt8) (Chris-
tian et al., 1991; Isaacs et al., 1992; Smith et al., 1991) and
two endodermal markers (Sox17, Mix-1) (Hudson et al.,
1997; Mead et al., 1998) showed that activin induction of
mesendoderm still occurred in the presence of DN Xtcf-3.
We did notice a difference between Xbra and eFGF, which
were decreased when DN Xtcf-3 was added, and the other
markers, which were not. Similarly, elongation of animal
cap explants in response to activin was not prevented by
blocking the Wnt pathway (Fig. 6B), as has already been
reported (Tada and Smith, 2000). eFGF RNA also induced
Xbra in both control and DN Xtcf-3-injected caps (Fig. 6C).
We conclude that Wnt signaling is not required for Xbra
activation under conditions of strong induction of FGF or
activin-type TGF- pathways, though it might contribute
to higher levels of activation.
VegT Activation of Xbra Expression Requires
a Wnt Pathway
The endomesoderm inducer VegT, a member of the T box
family of DNA-binding factors, is necessary and sufficient
for mesoderm formation in Xenopus (Kofron et al., 1997;
Lustig et al., 1996b; Stennard et al., 1996; Zhang and King,
1996). Oligonucleotide depletion of maternal VegT sharply
decreased Xbra expression (Kofron et al., 1999). Maternal
VegT induces mesoderm by activating nodal genes (Clem-
ents et al., 1999; Hyde and Old, 2000; Kofron et al., 1999;
Takahashi et al., 2000), and therefore it might be expected
to bypass a Wnt requirement for Xbra induction. However,
our findings raise the possibility that a zygotic Wnt path-
way might play a role in the induction of Xbra by VegT. To
determine whether VegT can induce Xbra in the absence of
Wnt pathway activity, we coinjected VegT and DN Xtcf-3
in the marginal zone, followed by in situ hybridization for
Xbra (Fig. 7). VegT RNA (200 pg) alone activated Xbra
ectopically in animal injections (Figs. 7A and 7B), partially
rescued Xbra inhibited by 50 pg DN Xtcf-3 (Figs. 7C and
7D), but had no effect when coinjected with 200 pg DN
Xtcf-3 (Fig. 7E). When the amount of VegT RNA was raised
to 400 pg, Xbra reappeared, but on the animal edge of the
injection site (Fig. 7F). VegT therefore can overcome only a
relatively weak inhibition of the Wnt pathway for Xbra
induction.
VegT induces both nodal (see above) and Wnt genes
(Kofron et al., 1999; Lustig et al., 1996b; Zhang and King,
1996). To compare the relative importance of the Wnt and
nodal pathways in VegT-induced expression of Xbra, we
injected animal poles with 100 pg VegT RNA alone or in
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combination with 300 pg DN Xtcf-3 RNA, or 2 ng tXALK4
RNA (Fig. 7G). Animal caps dissected at stage 8.5 were
analyzed by RT-PCR at stage 10 for ectopic expression of
Xbra and Xwnt8, another target of VegT. DN Xtcf-3 was the
stronger inhibitor of Xbra induction, while tXALK4 was
more potent in repressing Xwnt8, in apparent disagreement
with a previous study where the nonspecific TGF- type II
dominant negative receptor tAR (Hemmati-Brivanlou and
Melton, 1992) partially inhibited VegT-induced Xbra but
had no effect on Xwnt8 (Clements et al., 1999) (see Discus-
sion). VegT activation of Xbra would therefore appear to be
more dependent on a Wnt than a nodal pathway
The previous result demonstrates a Wnt requirement for
Xbra induction by VegT. This could be explained either by
independent effects of Wnt and VegT on the Xbra promoter,
and/or by VegT activation of a Wnt pathway. To directly
test the latter hypothesis, we coinjected 400 pg VegT RNA
with 25 pg of either wild-type or TCF site-mutant Xbra
reporter plasmid (Fig. 7H) into the animal pole of four-cell
embryos, and reporter activity was measured at stage 10.5.
VegT induced the wild-type promoter (threefold over re-
porter alone), but failed to activate the promoter with
mutated TCF sites. A similar result was obtained with the
artificial TCF reporter gene TOP-FLASH, which responded
to VegT, and the mutant FOP-FLASH (van de Wetering et
al., 1997), which did not (Fig. 7H). This finding suggests that
VegT activates both the Xbra and the TOP-FLASH promot-
ers through a Wnt pathway. Thus, it is possible that the
Wnt activity required for the VegT effect on Xbra is a direct
target of VegT.
DISCUSSION
Mesoderm specification is dependent on a functional Wnt
pathway in the mouse and the sea urchin, but this has not
been considered to be the case in Xenopus. Expression of
the general mesodermal marker Brachyury (Bra) in the
mouse primitive streak requires Wnt3a (Yamaguchi et al.,
1999), which activates the gene directly through TCF sites
in the Bra promoter (Arnold et al., 2000; Yamaguchi et al.,
1999). We find that expression of Xbra in late Xenopus
blastulae is severely diminished by Wnt inhibition. Xbra
may be a direct Wnt target, as the putative TCF sites in the
cloned Xbra promoter respond to Wnt activation, and their
mutation reduces the transcriptional response to endoge-
nous factors. The Wnt pathway necessary for Xbra expres-
sion differs in more than one way from the maternal,
dorsalizing Wnt: it is only necessary after the midblastula
transition, is present both dorsally and ventrally, and re-
quires an extracellular ligand. Overactivation of Wnt sig-
naling leads to expansion of the marginal Xbra expression
and ectopic expression in the animal pole. Of the known
mesoderm inducers, the function of activin and eFGF is
unaffected by Wnt inhibition, but the effect of VegT on
Xbra is partly dependent on Wnt activity. Since Xbra is
considered to be a key transcription mediator of mesoderm
specification in Xenopus (Smith, 2001), these results sug-
gest a role for the Wnt pathway in mesoderm induction in
Xenopus. Thus, the Wnt pathway would play an evolution-
arily conserved role in mesoderm specification in deuteros-
tomes.
A possible connection between Wnts and mesoderm
specification in Xenopus has received considerable atten-
tion. The consensus has been that Wnt activation does not
participate in mesoderm induction (reviewed in Harland
and Gerhart 1997). Loss-of-function experiments with anti-
sense oligonucleotides to -catenin (Heasman et al., 1994)
did not reveal any significant decrease in Xbra expression.
However, a later study found persistence of -catenin
protein in stage 8 embryos after antisense oligonucleotide
treatment (Kofron et al., 1997), and this technique is less
effective against a zygotically expressed gene than against
maternal genes. Therefore, it is quite likely that the zygotic
Wnt activity described in our study would still have been
present, despite the antisense perturbation. In fact, in a
more recent experiment, -catenin depletion was accom-
plished by using later injections and the more stable mor-
pholino antisense oligonucleotides (Heasman et al., 2000).
Although Xbra expression was not measured, and no effect
on mesoderm induction was reported, the observed pheno-
types included short trunks, reminiscent of embryos in-
jected with an inhibitory Xbra construct (Conlon et al.,
1996). Furthermore, other mesodermal genes, like MyoD
(Hamilton et al., 2001; Hoppler et al., 1996) and Xpo
(Hamilton et al., 2001), are sensitive to Wnt pathway
inhibition. We used a different set of tools and localized
injections to reexamine the effect of Wnts on Xbra. We have
tested four inhibitors of the Wnt pathway, which interfere
with binding of the Wnt ligand (DN Xwnt8) (Hoppler et al.,
1996), -catenin availability for signaling (C-cadherin) (Fag-
otto et al., 1996), and promoter occupancy by endogenous
Xtcf-3 (N Xtcf-3, DN Xtcf-3) (Molenaar et al., 1996; Vonica
et al., 2000). All prevented Xbra expression to various
degrees. The specificity of the effect is showed by intact
expression pattern of another marginal gene, Xwnt8, and by
the opposite effect on Xbra expression of Wnt pathway
overstimulation with VP16 Xtcf-3. We believe, therefore,
that Wnt activity is indeed required for Xbra expression,
and possibly for mesoderm specification.
The Xbra promoter has been reported to contain TCF
sites (Arnold et al., 2000; Lerchner et al., 2000), but their
functional significance has not previously been demon-
strated. Analysis of the promoter (reviewed in Smith, 2001)
has revealed to date only binding sites for inhibitory pro-
teins, like the bicoid and antennapedia site (Latinkic et al.,
1997), and the SIP-1 site (Lerchner et al., 2000). Our data
indicate a potential role for the putative TCF sites in
activating the gene, as they are likely to mediate Wnt-
dependent induction, and mutating them reduces the re-
sponse of an 802-bp cloned Xbra promoter to endogenous
factors. Furthermore, the master endomesoderm regulator
VegT, which activates mesoderm-inducing nodal genes
(Clements et al., 1999; Hyde and Old, 2000; Kofron et al.,
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1999; Takahashi et al., 2000), requires the putative TCF
binding sites in order to stimulate the Xbra reporter gene
(Fig. 7H), and cannot overcome a strong inhibition of the
Wnt pathway (Figs. 7E and 7F). Indeed, VegT induction of
Xwnt8 has been reported (Kofron et al., 1999; Lustig et al.,
1996a), but no connection was previously made with Xbra
expression. Xbra joins the Xnr 1,2,4–6 genes, which are also
synergistically induced by VegT and the Wnt pathway
(Clements et al., 1999; Hyde and Old, 2000; Kofron et al.,
1999; Takahashi et al., 2000). Induction of nodal genes had
been assumed to be targeted by the maternal Wnt activity,
but, at least for Xnr 1 and 2, which have a late zygotic
expression pattern (Takahashi et al., 2000), it is possible
that a zygotic Wnt could instead be involved.
Our finding that the Wnt pathway required for Xbra
expression is zygotic has different implications for the
dorsal and ventral sides of the embryo. The ventral presence
of Xbra could possibly be connected to the local expression
of Xwnt8 or to another unidentified Wnt. More surprising is
the implication that a zygotic, canonical Wnt pathway is
active on the dorsal side, which includes the Spemann
organizer. Since Xwnt11 does not activate a -catenin-
dependent signal (Tada and Smith, 2000), the only potential
candidate would be Xwnt8b (Cui et al., 1995), which is
expressed at the right time, but an in situ analysis of its
pattern of expression is missing. Furthermore, support for
the existence of a dorsal Wnt ligand in Xenopus comes from
the dorsal localization of the Wnt receptors Xfz7 and 8
(Deardorff et al., 1998; Djiane et al., 2000; Sumanas et al.,
2000), but the actual ligand for these receptors is not
known. Therefore, there are good reasons to believe that a
zygotic Wnt is indeed expressed in the dorsal marginal zone
of the early Xenopus embryo.
The presence of a zygotic Wnt in the blastula organizer
could require a reinterpretation of the roles played by
agonists and antagonists in the Wnt pathway. The purpose
of organizer-expressed Wnt inhibitors like FrzB (Leyns et
al., 1997; Wang et al., 1997) was previously thought to be
the prevention of Xwnt8 diffusion into the dorsal marginal
zone. Instead, their true function might be to downregulate
a locally expressed Wnt in order to limit the timing of its
effect, similar to the induction of the extracellular TGF-
antagonists antivin and cerberus by nodal activation (Lee et
al., 2001), and the well-known induction of patched by
hedgehog in Drosophila.
Since its cloning, Xbra was demonstrated to be a direct
target for the mesoderm inducers activin and bFGF (Smith
et al., 1991). Our experiments with the nodal-specific
dominant negative receptor tXALK4 in transcription assays
with the cloned Xbra promoter show the activity remaining
FIG. 6. The mesoderm inducers activin and eFGF can activate
Xbra in the absence of Wnt activity. (A) RT-PCR of animal caps cut
at stage 8 and cultured to stage 10 in the presence or absence
of activin. Mesodermal (Xbra, eFGF, Xwnt8) and endodermal
(Sox17, Mix-1) markers induced in control animal caps were also
induced in caps from embryos injected with 100 pg DN Xtcf-3 RNA
in the animal pole of each cell at the four-cell stage. (B) DN
Xtcf-3-injected caps treated with activin elongate. (C) RT-PCR of
animal caps from embryos injected at the four-cell stage in the
animal pole of each blastomere with 1.5 pg eFGF RNA alone or
together with 100 pg DN Xtcf-3. Animal caps were cut at stage 8
and grown to stage 10. EF1 was used as loading control. Xbra
induction by eFGF is not affected.
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after mutation of the putative TCF sites to be completely
dependent on the activin/nodal pathway (Fig. 4F). Even
more compelling, ectopic Wnt activation of the endogenous
gene, though not of the cloned promoter, required nodal
activity (Fig. 5J). However, VegT induction of Xbra was
more sensitive to Wnt than nodal inhibition (Fig. 7G). This
could be interpreted as Wnt pathway mediating VegT in-
duction of Xbra. However, we observed that Wnt is sensi-
tive to the dominant negative nodal receptor tXALK4. A
possible explanation comes from the known VegT induc-
tion of eFGF (Casey et al., 1998), which itself can activate
Xbra expression (Isaacs et al., 1992). This mechanism
would be similar to Xbra autoinduction, where Xbra-
induced eFGF subsequently regulates Xbra positively (Tada
et al., 1997). We hypothesize that, in the absence of the
nodal pathway, eFGF could play the same antirepressive
role on the Xbra promoter, synergizing with the Wnt
pathway.
In a previous experiment with the nonspecific TGF-
dominant negative receptor tAR (Clements et al., 1999), a
FIG. 7. VegT induction of Xbra requires a Wnt pathway. (A–F) Xbra expression inhibited by DN Xtcf-3 is partially rescued by VegT.
Double in situ hybridization of stage 10 embryos, injected at the four-cell stage in the indicated locations. Xbra is stained purple; coinjected
LacZ RNA is red. (A, B) VegT RNA (200 pg) induces Xbra in animal poles. (C–F) Effect of VegT on DN Xtcf-3 repression of Xbra. VegT RNA
(200 pg) rescue expression of Xbra inhibited by 50 pg DN Xtcf-3 in the dorsal marginal zone (C, D). Inhibition of Xbra by 200pg DN Xtcf-3
is not rescued with 200 pg VegT (E), and only at the periphery of the injection site with 400 pg VegT (F). (G) DN Xtcf-3 inhibits ectopic
expression of Xbra by VegT. RT-PCR of stage 10 animal caps. Embryos were injected at the four-cell stage with 100 pg VegT RNA alone
or 100 pg VegT RNA in combination with either 300 pg DN Xtcf-3 RNA or 2 ng tXALK4 RNA. Caps were dissected at stage 8.5 and cultured
until stage 10. VegT induction of Xbra is more sensitive to DN Xtcf-3 inhibition, while Xwnt8 expression is inhibited to background levels
only by tXALK4. (H) VegT activates the cloned Xbra promoter through the TCF sites. Wild-type or mutant Xbra promoters (25 pg), 50 pg
of the artificial TCF-responsive (TOP-FLASH) or mutant (FOP-FLASH) reporters, and 400 pg VegT RNA were injected into animal poles of
four-cell-stage embryos. Transcription assays were performed on stage 10.5 embryos. The graph shows fold induction of the reporter gene
plus RNA vs reporter alone. VegT induced only reporters with intact TCF sites (wt Xbra reporter, and TOP).
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significant repression of VegT-induced activation of Xbra
was reported. This difference with our data could be due to
the difference in specificity between the two receptors,
with the less specific tAR blocking a pathway which
escapes tXALK4 repression.
Figure 8 is an attempt to organize these interactions, with
a focus on Xbra and its morphogenetic effects. The under-
lying principle is that three major pathways of the early
Xenopus embryo, TGF-, FGF, and Wnt, contribute to Xbra
activation (Amaya et al., 1991; Hemmati-Brivanlou and
Melton, 1992; this study). Maternal VegT is evenly distrib-
uted along the dorsoventral axis (Kofron et al., 1997; Lustig
et al., 1996b; Zhang and King, 1996), yet at least some of the
genes it activates, like the nodals, are first expressed on the
dorsal side, a direct or indirect consequence of the maternal
Wnt activity there. Xbra similarly is expressed dorsally first
(Smith et al., 1991), and the dorsoventral difference in
expression of an Xbra reporter gene disappeared when the
Wnt-responsive TCF sites of the Xbra reporter gene were
mutated (Fig. 4). We hypothesize, therefore, that the role of
the maternal Wnt pathway with respect to Xbra expression,
and potentially to mesoderm specification, is to accelerate
the activation of a cascade of factors, including the zygotic
Wnt pathway, which will be present throughout the mar-
ginal zone by the onset of gastrulation. Ventrally, lack of a
maternal Wnt would account for a delayed start of Xbra
expression. A connection between gastrulation movements
and Xbra expression has been described (Conlon et al.,
1996), and the start of its expression on the dorsal side of the
embryo correlates with the dorsal beginning of gastrulation.
This function of the maternal Wnt pathway is different
from the anterodorsal signaling cascade centered on
siamois/twin expression (Carnac et al., 1996; Laurent et al.,
1997), since siamois cannot rescue Xbra expression (Fig. 7),
and failed to rescue the trunk of Wnt-blocked embryos
(Kuhl et al., 2001; A.V. unpublished results). In our model,
a zygotic Wnt would be required for mesoderm specifica-
tion, and would itself be a target for the dorsal maternal
Wnt pathway, functioning as a dorsal modifier.
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FIG. 8. Model of Xbra regulation in the dorsal (top) and ventral (bottom) marginal zone. Synergy between the dorsal maternal Wnt
pathway and the uniformly distributed maternal factors VegT and eFGF leads to early expression of the zygotic Wnt and nodal factors in
the dorsal marginal zone. In the next phase, these zygotic factors induce Xbra and other genes responsible for the early onset of gastrulation
and mesoderm specification on the dorsal side. Ventrally, the lack of a maternal Wnt pathway slows down the activating effect of VegT and
eFGF, which results in late initiation of the same cascade of events leading to gastrulation. The horizontal boxes delineate the presumed
common module connecting Xbra induction and morphogenetic movements throughout the marginal zone. The indicated stages are
tentative.
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